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Abstract 

A survey is given of modern stationary phases employed in high performance liquid chromatography (HPLC) analysis of 
peptides. The physico-chemical properties of peptides and their consequences for the selection and optimization of the 
separation system are briefly discussed, followed by a summary of the approaches to the selection and characterization of 
stationary phases. The properties and applicability of various stationary phases are then critically reviewed, including aspects 
such as size-exclusion, ion-exchange, reversed-phase, hydrophobic-interaction, affinity and chiral systems, as well as some 
specialized separation techniques. Emphasis is placed on the most recent literature. 0 1997 Elsevier Science B.V. 
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1. Introduction 

The immense importance of peptides for living 
beings is well known and thus a great variety of them 

have been isolated from natural materials or synthe- 
sized, studied and applied in biology, medicine, bio- 
technology and agriculture. Separations play a key 

role in the field and are used both in the preparative 
and the analytical mode. It should be pointed out that 
even purely analytical procedures must often combine 
preparative and analytical separation steps, because of 
the complexity of the materials studied; therefore, 
some preparative aspects will also be discussed in 

this review. 
Peptide analysis has numerous applications. It has 

been used to establish the identity and purity of 
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peptide preparations in all the steps of peptide isola- 
tion from natural matrices or during synthesis, to 
check the purity of peptide products, such as pharma- 
ceuticals, to determine peptides in various matrices, 
e.g. in medicine, biology or agriculture and, particu- 
larly notable, in peptide mapping, i.e., to elucidate 
protein primary structure. The analytical procedures 

employed are complex and often combine several 
chromatograpic modes (e.g., size-exclusion chroma- 
tography (SEC) followed by reversed-phase chroma- 
tography @PC)) with other separation methods (e.g., 
capillary electrophoresis (CE)) and with bio- and 
immuno-chemical steps. 

In a critical survey of the properties of HPLC 
stationary phases and their applications in peptide 
analysis, two important facts should be borne in mind: 
the selection of a stationary phase is part of the 
approach to the whole analytical problem and cannot 



2 K. .?tulik et al./Analytica Chimica Acta 352 (1997) I-19 

Table 1 
List of columns for the RP, SEC, IEC and HIC separations of peptides and proteins 

Column name Supplier 

RP 

Lichrospher 500 CH-8 

Lichrospher 100 PR- 18 

Hy-Tack C-l 8 

Vydac C-18 

Zorbax SB 300 C-8 

Zorhax 300 SB-Cl8 RR 

Synchropak RP-P C- 18 

Aquapore OD-300 

Hypersil Cl8-WP 300 

Hypersil Peptide 

Kromasil lOO-C8, C-18 

Bakerbond WP C-18 

Separon Hema S-1000 RP-18 

Develosil NP-ODS 

Develosil 300 ODS-7 

Jupiter 300 C-l 8 

Symmetry C- 18 

Nucleosil 300-5 C-18 MPN 

SEC 

BioSil SEC 250 

Superdex 200 HR 

Tosohaas TSK 

HBMA-Bio 1000 

Protein-Pak DEAE 15 HR 

Protein-Pak SP 8 HR 

PolySep-GFC-P 

Shodex OH Pak Q801 

Zorbax GF 250/450 

Zorbax PSM 

IEC 

Zorbax SCX, WCX 

Bakerbond Abx 

HEMA-BIO 100 DEAE 

Shoclex Asahipak GSHQ 

Mitsubishi Chemical CK 10 

Nucleogel SAX 100-8 

HIC 

Spherogel CAA HIC 

TSK-Phenyl 5-PW 

Synchropak-Propyl 
Alkyl-Superox HR 

Zorbax SB 300 CN 

Zorbax SB 300 C3 

Aquapore Butyl 

Separon HEMA-Bio 1000 Phenyl 

Kovasil-H 

Nucleosil 5 C-18 

Merck, Darmstadt, Germany 

idem 

Glycotech, Hamden, CT, USA 

The Separations Group, Hesperia, CA, USA 

Rockland Technologies, Newport, DE, USA 

idem 

Synchrom, Linden, IN, USA 

Applied Biosystems, San Jose, CA, USA 

Hypersil, Runcom, UK 

idem 

EKA Chemicals, Bohus, Sweden 

J.T. Baker B.V., Deventer, NL 

Tessek, Prague, Cz. Republic 

Nomura Chemicals, Seto-City, Japan 

idem 

Phenomenex, Torrance, CA, USA 

Waters Corp., Milford, MA, USA 

Macherey and Nagel, Dilren, Germany 

BioRad, Richmond, CA, USA 

Pharmacia, Uppsala, Sweden 

Tosohaas, Montgomeryville, PA, USA 

Tessek, Prague, Cz. Republic 

Waters Corp., Milford, MA, USA 

idem 

Phenomenex, Torrance, CA, USA 

idem 

Rockland Technologies, Newport, DE, USA 

idem 

Rockland Technologies, Newport, DE, USA 

J.T. Baker B.V., Deventer, NL 

Tessek, Prague, Cz. Republic 

Phenomenex, Torrance, CA, USA 

idem 

Macherey and Nagel, Dtiren, Germany 

Beckman, San Ramon, CA, USA 

idem 

Synchrom, Linden, IN, USA 
Pharmacia, Uppsala, Sweden 

Rockland Technologies, Newport, DE, USA 

Rockland Technologies, Newport, DE, USA 

Applied Biosystems, San Jose, CA, USA 
Tessek, Prague, Cz. Republic 

Chemie, Uetikon, Switzerland 

Macherey and Nagel, Dilren, Germany 
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be considered separately from the choice and optimi- 
zation of the mobile phase and of the basic experi- 
mental conditions; detailed information on the 
physico-chemical character and properties of com- 
mercial stationary phases is often difficult or impos- 

sible to obtain, as this vital information tends to be a 
trade secret. Therefore, a critical comparison of var- 

ious commercial columns is subject to a great many 
limitations. The present review concentrates on recent 
developments. The literature is extensive, varied and 

scattered; we have tried to select the most important 

new works in the field (numerous further references 
can be found in the publications cited). This paper is 
not intended to give an exhaustive survey of commer- 
cial columns. However, some typical examples are 
listed in Table 1. 

2. Character and basic properties of peptides 

Peptides constitute an extensive class of compounds 

and thus their properties vary considerably and place 
great demands on suitable selection of separation 
systems and their versatility. It is conventionally 

accepted that peptides are compounds containing 
two to fifty amino acid residues [l]. Dipeptides are 
still small molecules with molecular weights of the 
order of hundreds, whereas large peptides, with mole- 
cular masses of several thousands, have properties 

characteristic of proteins. There are substantial differ- 
ences in the chromatographic behaviour of small 
molecules with one or a few active sites for interaction 
with the mobile and stationary phases and that of large 

molecules with many active sites. Moreover, the dan- 
ger of denaturing of large peptides is very important 
from a biological point of view and places additional 
demands on the selection of the chromatographic 
system and the speed of separations. 

The properties of the smallest peptides are similar to 
those of individual amino acids: their chromato- 
graphic behaviour is determined by the character of 
their side chains and substituent groups, i.e., the 
strength of the basic and acidic ionizable groups 
present, and also by the degree of hydrophobicity 
or hydrophilicity. Therefore, they exhibit isoelectric 
points and their retention is strongly dependent on the 
pH. With increasing number of amino acid residues, 
the importance of the peptide primary structure 

(amino acid composition and sequence) increases. 
With more than about 15 amino acid residues, sec- 
ondary (and progressively tertiary and quaternary) 
structures begin to play a role and the conformation 

of the largest peptides can decisively affect their 
retention behaviour. 

In view of these peptide properties, RPC is the most 

versatile mode of chromatography, as it enables the 

use of both the acid-base and hydrophobiclhydrophi- 
lit properties of the analytes. Problems sometimes 
arise in connection with the denaturing of large pep- 

tides due to the high hydrophobicity of the stationary 
phase and low polarity of the mobile phase. Classical 
ion-exchange chromatographic (IEC) procedures can 
also be applied to a wide range of peptide sizes; 
however, they tend to exhibit somewhat poorer separa- 

tion efficiencies compared to RPC and large peptides 
may be very strongly sorbed, due to the presence of 

many active sites in the analyte molecule. Size-exclu- 
sion chromatography (SEC) can be very useful in pre- 
separations of complex mixtures into smaller groups 

of analytes that are then further separated by another 
technique. In addition, much more specialized proce- 

dures can be used: hydrophobic-interaction chroma- 
tography (HIC), which has the advantage that the 
conditions are mild (moderate hydrophobicity and 
low ligand density of the stationary phase, aqueous 
mobile phases with high ionic strength), so that the 
danger of peptide denaturation is suppressed; other 

important techniques include affinity chromatography 
and chiral separations. 

Numerous works have been devoted to correlation 
of the retention behaviour of peptides with their 
properties, in order to predict suitable conditions for 
chromatographic separations. It has been shown [2] 

that an a-amino group substantially affects the reten- 
tion behaviour of peptides in RPC. This study of 
synthetic deca-peptides demonstrates that the pK, 
values of the amino groups and of the ionizable side 
chains in peptides are very similar to those found for 
proteins and very dissimilar to those found for the 
corresponding amino acids, i.e. the hydrophobic RPC 
stationary phase creates an environment very similar 
to the hydrophobic environment of proteins. Tables of 
pK, values and hydrophobicity data are given in the 
paper. The shifts in the ionization constants of amino 
acids and peptides in micellar media have been dis- 
cussed [3]. A scale of peptide hydrophobicities has 
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been obtained from RPC data [4]. On the basis of the 
RF’C retention data for 104 peptides, a model has 

been developed for prediction of peptide retention 
[5], while the effects of the peptide secondary struc- 

ture on the retention thermodynamics is described in 
Ref. [6]. A number of papers employed various 
methods for statistical treatment of extensive sets 

of peptide retention data for predictive purposes 

(see, e.g., Refs. [7,8]; for a good survey see Refs. 
[9,10]). A model has been given for electrostatic 

interaction of proteins [ 1 l] that is also applicable to 
large peptides. 

3. Approaches for column selection and testing 

When selecting a column for a given separation, 

many factors must be considered, which include pri- 
marily the general suitability for the type of sample 
and purpose of the separation, sufficiently high effi- 

ciency and resolution (support particle size, shape and 
porosity and its ability to bind a sufficient concentra- 
tion of suitable active species), the chemical and 
mechanical stability of the support and the stationary 
phase itself under the particular separation conditions 

and reasonable speed and cost of the separation. In 
peptide analyses, some additional aspects should be 
considered, namely: 

It is usually necessary to suppress denaturing of the 
solutes; this places limitations on the composition 
of the separation systems, chiefly their hydropho- 
bicity, and increases the need for rapid separations. 
Because of the complexity of the mixtures to be 
separated, very high resolution is required: one of 
the most important causes of poor resolution is 
slowness of mass transport and of sorption/desorp- 
tion processes; these can be hastened by work at 
elevated temperatures and by choosing stationary 

particle types that permit rapid solute transport. In 
addition, large peptide molecules with many active 
sites behave differently from small molecules: the 
capacity factors change much more rapidly with a 
change in the content of the organic modifier in 
RPC and the steepness of this dependence increases 
with increasing size of the solute molecule; thus 
gradient elution must usually be employed and the 
conditions must be carefully optimized. Then the 

resolution does not greatly depend on the column 
length and mobile phase flow rate and consequently 

short columns and high flow rates can be employed 
to advantage (e.g., [12]). 

Stationary phase particle size does not strongly 
affect the separation efficiencies for large peptides 
and thus large non-porous particles (up to 20 urn) 

have been used with efficiencies analogous to those 
obtained with 2 to 5 urn particles [ 131. 

All the above aspects must be taken in consideration 

when choosing a separation system (also considering, 
of course, the requirements of the detection technique 

used). Any stationary phase plus its support exhibits 
more than one type of interaction with the given 
solutes and the components of the mobile phase. 
Sometimes we can use the fact that a column has, 
e.g., both hydrophobic and ion-exchange properties 

for finer tuning of the separation conditions and 
for tailoring the column properties to a particular 
application; of course, prediction of the column 
performance and optimization of the conditions to 
be used are then much more difficult. In other systems 
it is necessary to suppress side interactions in order 
to obtain meaningful results: in SEC, the ion-exchange 
effects should be suppressed, e.g. by adding salts to 

the mobile phase. To test for the presence of more 
than one kind of interaction and for departures of 

separation systems from ideal behaviour, series of 
synthetic peptides have been proposed [14-171 
(Table 2). 

The selection and testing of a column is still not a 

simple process and is often carried out on the basis of 
very subjective criteria and personal experience, as 
there are many columns on the market, information on 
the separation mechanisms is limited and much vital 
information is not disclosed by the manufacturers. 
Furthermore, even materials that are nominally iden- 
tical often exhibit manufacturer-to-manufacturer and 

even batch-to-batch differences in their behaviour 
under identical experimental conditions. The growing 
need for validated experimental procedures stresses 
the necessity of creating a more rational and unified 
basis for the procedures of selection and testing of the 
columns. 

A discussion of the problems of testing the column 
lifetime and the reproducibility of the properties of 
commercial materials can be found in Refs. [ 18,191. 
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Peptide standards for monitoring of ideal and non-ideal behaviour in SEC, IEC and RPC [14-171 

Peptide sequence No. of repeating units(n) No. of residues Net charge 

SEC+IEC 

IEC+RPC Ac-Gly-Gly-Gly-Leu-Gly-Gly-Ala-Gly-Gly-~u-Lys-amide 

Ac-Gly-Gly-Gly-~u-Gly-Gly-Ala-Gly-Gly-~u-Lys-amide 

Ac-Gly-Gly-Gly-Leu-Gly-Gly-Ala-Gly-Gly-Leu-Lys-aruide 

Ac-Gly-Gly-Gly-Leu-Gly-Gly-Ala-Gly-Gly-Leu-Lys-a~de 

1 10 

2 20 

3 30 

4 40 

5 50 

- 11 
- 11 
- 11 
- 11 

The column performance can be tested by either 

chromatographic or non-chromatographic methods 
[21,22]; methods of the former group are usually 
preferable, as they provide more direct information 
on the chromatographic performance of the column 
and also on its changes on ageing. 

Many procedures have been proposed for column 
testing, most of them employing chemically modified 
silica phases which are by far the most common in 
contemporary HPLC; however, none of these proce- 
dures has gained general acceptance. The major appli- 
cations of these phases are in RPC and HIC permitting 

very varied separations [20,23-251 and there is a wide 
range of commercial columns of this type on the 

market; in addition, most evaluation and testing pro- 
cedures have been designed for these phases, They can 
be classified into four groups: 

Semiempirical methods, such as those of Engel- 
hardt [26], Walters [27], Tanaka [28] and Bidling- 

meyer [29]. 
Model-based methods, such as the calculation 

model of Galushko [30], the silanol scavenging 
model of Horvith et al. [31], or the interaction 
index approach of Jandera [32]. 

Statistical evaluation methods employing, e.g., 
principal component analysis (PCA), cluster ana- 
lysis (CA) and factor analysis [33,34]. 
Thermodynamic methods, e.g., the use of Van’t 
Hoff plots [35]. 

The evaluation methods of the former two groups 
generally classify columns in terms of parameters 

such as hydrophobicity, hydrophilicity, silanol activity 

and the carbon percentage in the packing material. 
Methods in the third group are often used to group 
columns with similar properties, whereas a therrno- 

dynamic evaluation is chiefly employed in order to 
determine whether a separation process is driven by 
enthalpic rather than entropic factors. 

The present situation in the testing of RPC and HIC 
columns is far from satisfactory and the results 
obtained are often difficult to interpret or are even 
contradictory [36-381. This partly stems from the very 

different principles and assumptions employed in the 
individual testing methods and further from the fact 

that a great variety of test substances, mobile phase 
compositions and calculation procedures are used. For 
example, it has been shown [20] that column para- 
meters such as hydrophobicity and hydrophilic@ 
strongly depend on the nature of the test substance. 

Unfortunately, inappropriate test substances are some- 
times selected when testing columns for peptide and 
protein analysis, usually small molecules whose beha- 
viour is very different from that of large peptide and 
protein species. It is thus imperative to choose test 
substances that are as similar as possible to the sub- 
stances to be separated. 

The isopotential concept of Bidlingmeyer [29] and 

the slope-intercept relationships (log of retention fac- 
tor versus salt molality (HIC) or per cent of organic 
modifier (RPC)) were recently examined for HIC and 
RPC [20,23,39], in order to evaluate columns for 
peptide and protein analysis. The results have been 
partially confirmed using other testing methods but 
discrepancies have also been discovered. 
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4. A survey of stationary phases for peptide 
separations 

In view of the high demands placed on peptide 
separations, the stationary phase development is a 

very active area. RPC is still the most widespread 
technique, but the stress on combination of various 
HPLC modes within one procedure (e.g., RPC, 
IEC, SEC) is constantly growing [40], as is the 

emphasis on combination of HPLC with other separa- 
tion techniques - see, e.g., the combination of pre- 

parative RPC with analytical RPC, capillary 
electrophoresis (CE) and micellar electrokinetic chro- 

matography (MEKC) for the purification and charac- 
terization of a new family of peptides from the human 

neuro-endocrine system [41]. In the subsequent text 
more general aspects of supports and their modifica- 
tions are discussed first, followed by a discussion of 
the specific features of the individual chromatographic 

modes. 

4. I. Supports and their modification 

Both completely porous and pellicular supports are 

used in peptide separations; the classical silica mate- 
rials are used most extensively. A pore size of 100 A is 

commonly recommended for this purpose, but wider 
pore materials (300 A) should be preferred [42] in 
separations of large peptides in order to eliminate 

size exclusion effects. The support surface area is 
important for the retention of linear peptides contain- 
ing ca. 25 or more residues; materials with 300 A 
pores have smaller surface areas, about0 100 m2 g-r, 
compared with those containing 100 A pores (ca. 
170 m2 g-i). 

Non-porous silica packing materials were recently 
described and their properties discussed (for a review 

see [43,44]). These materials actually have very nar- 
row pores of 2 to 4 A that are inaccessible for solutes; 
moreover, they can be eliminated, e.g., by calcination 
at 800 K followed by rehydroxylation of the material. 
A drawback of non-porous materials is their extremely 
small outer surface area, two orders of magnitude 
lower than that of porous packings (for a solid density 
of 2.2 g ml-‘, the surface area varies from 0.6 to 6 m* 
for particle diameters from 5 to 0.5 pm, respectively). 
This leads to low retention and mass loadability 
values. Therefore, very small particles must be used 

to pack the columns. However, these materials then 
have numerous advantages, namely, 

l they exhibit fast mass transport as restricted pore 

diffusion is eliminated; 
l enthalpic and entropic exclusion of solutes occur- 

ring with porous packings is absent; 
l surface accessibility is high; 
l ligands bound to the surface have a controlled 

topography; 

l short residence times of solutes in the column are 
beneficial for suppression of denaturing effects and 

preservation of the biological activity of the 
solutes; 

l columns packed with very small particles have 
minimal void volumes; this decreases the consump- 
tion of solvents and minimizes susceptibility to 
compression during the packing procedure. 

Non-porous particles are then modified by silaniza- 
tion or by polymer coating. A different approach can 
also be taken [45], involving deposition of silica 

ultramicrospheres (0.3 to 0.9 pm id.) on spherical 
polymer beads. In contrast to common procedures, 
in which silica gel is first chemically modified with an 

alkyl silane and then the remaining free silanol groups 
are endcapped with trimethyl chlorosilane, here the 
silica gel is first coated with a reactive polymer film 
and then alkylated. This procedure effectively endcaps 
the free silanol groups. 

The performance of totally porous and pellicular 

sorbents has been compared [46]. It has been found 
that micropellicular sorbents, e.g., Hy-Tach C- 18 con- 
sisting of 2 pm fused-silica beads coated with a thin 
porous octadecyl layer, exhibit a high thermal stability 
and can thus be used at elevated temperatures, but 
have poorer (about three times lower) loading capacity 
and a lower phase ratio compared with porous sor- 
bents. Columns with porous sorbents require stronger 
eluents, i.e., with higher organic modifier contents, 
than pellicular sorbents, because of their higher phase 
ratio. 

The use of silica-based packings is limited to 
applications employing acidic and neutral mobile 
phases. To overcome this limitation, a number of other 
materials have been proposed as supports, consisting 
of either inorganic oxides or polymers. Titanium and 
zirconium dioxides and aluminium oxide have been 
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shown to be hydrolytically very stable and useful for 
the preparation of lipophilic (and possibly other) 
phases [47,48]. Titanium and zirconium dioxides 
form highly spherical, porous particles, the matrix 
is crystalline, in contrast to silica gel, and thus the 

surface is very homogeneous. Porous zirconium 
dioxide particles have been modified using various 

derivatization procedures. Silanes have been immo- 
bilized on the surface in order to introduce hydro- 

phobic ligands and reactive groups, e.g. octadecyl, a 
carbohydrate and Cibacron Blue F3GA [49], and 

affinity ligands, the iminodiacetic acid-Cu(I1) 
chelate and the lectin concanavalin A [50]. These 

phases are stable up to high pH values of 10.5, 
12 and 13 for Cibacron Blue, carbohydrates and C- 
18, respectively. A Langmuir-type isotherm was 

obtained when using affinity ligands indicating 
that the sorption is controlled by a single interaction 

type and that non-specific interactions with the 
support are negligible. Polymer-coated zirconium 
dioxide particles have also been prepared [49], using 

polybutadiene or by cross-linking a carbohydrate- 
modified sorbent; however, it has been shown [51] 
that proteins are irreversibly adsorbed on polybuta- 

diene-coated zirconium dioxide, due to the high 
hydrophobicity of polybutadiene plus the presence 
of strong Lewis acid sites on the zirconium dioxide 
surface. 

Supports based on organic polymers also eliminate 
the principal drawback of silica gel, its limited pH 

range, and bring other advantages, such as shorter run- 
to-run re-equilibration times and better cleaning abil- 
ity. On the other hand, they usually exhibit poorer 
separation efficiencies (and thus also poorer peak 
capacities) and are mostly inferior to inorganic sup- 
ports in mechanical strength. Nevertheless, some of 

them have yielded good results in many types of 
separation. 

HEMA (a copolymer of ethylene dimethacrylate 
and hydroxyethyl methacrylate) [52] is biocompatible 
and was originally developed as a material for soft 
contact lenses. It is highly resistant to hydrolysis and 

microbial attack and has a high mechanical strength 
and a high concentration of surface hydroxyl groups. 
This material exhibits mixed hydrophilic-hydropho- 
bic properties because of the long, hydrophobic C-C 
polymer backbone chain and the presence of hydro- 
philic OH groups and is thus readily modified and 

applicable to SEC, RPC, IEC, HIC and various modes 

of affinity chromatography. 
Polymers are also useful for the preparation of 

large-particle permeable supports, in which the mobile 
phase perfuses through the large pores [53-571. In 

these phases (e.g., POROS Q/M and Q HYPER D), 
mass transport within the particles occurs through 
convection and is thus very fast and very rapid separa- 

tions are possible (e.g., 3 min separation of human 
fibrinogen on RPC phase POROS 20-R2 compared 

with 25 min with conventional RPC) [58]. 
Commonly used particle-packed columns have 

relatively large void volumes (e.g., 10 urn silica sor- 
bent beads occupy a maximum of 74% of the column 
volume) and thus attempts have been made to decrease 

the void volume value. This parameter can be 
decreased to ca. 9% when using porous silica hollow 

fibres and to negligible values with cellulose sheets. 

Another way of suppressing the void volume is to fill 
the column completely with a separation medium 
(continuous separation medium, molded or rod col- 
umns). Such a polymeric rod has large pores (of the 
order of 1 pm) and is readily permeable for the mobile 
phase, which thus flows through a homogeneous 

medium. Convective mass transport permits rapid 
separations with efficiencies that are almost indepen- 
dent of the mobile phase flow rate and proceed at small 
back pressures. 

Hjerten et al. [59-62] prepared rod columns from 
swollen polyacrylamide gels. Polymerization can be 
carried out directly in the column [63-67] or mem- 
branes can be prepared from a suitable polymer, 
placed in a cartridge and used for rapid separations 
[68]. These media are primarily intended for fast 
separations of proteins, but bradykinin and D-Phe7 
bradykinin can also be separated within 3 min with a 
sufficient efficiency of 97 900 plates/m [65]. Contin- 

uous beds for IEC have been prepared in fused silica 
tubings of up to 10 urn in diameter [66]. The beds are 
produced in the form of rods traversed by channels 
through which the eluent passes. The walls of the 
channels are composed of small particles and are 
impermeable to peptides, permitting rapid mass trans- 
port and thus high resolution at high flow rates. 

Stationary phases with specific molecular recogni- 
tion properties, i.e., with predetermined selectivity, 
can be tailored using the molecular imprinting tech- 
nique. A template molecule is added to suitable 
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monomer(s), the system is polymerized and the tem- 

plate molecule is washed out. Chiral phases are pre- 

pared by using chiral template molecules. The 
polymers are easy to prepare, inexpensive and exhibit 
excellent physico-chemical and mechanical stabili- 
ties. For example, a chiral phase has been tailored 

by imprinting a peptide molecule into a polymer [69]. 
The influence of water on the recognition process and 

the roles of hydrogen bonding and of hydrophobic 
effects on the ligand selectivity have been discussed 
[70]. An example of a separation of o,L-enantiomers of 

dipeptides on an imprinted polymer is given in Fig. 1 

[711. 
Recently there has also been great development in 

stationary phases for preparative separations of pep- 
tides and proteins. An extensive list of the literature 
can be found in the reviews by Boschetti [72] and 
Narayanan [73], where tables of sorbents, their proper- 
ties and commercial products can also be found. In 

general, classical soft gels based on dextran, diluted 
polyacrylamide and non-cross-linked agarose have 
gradually been replaced by more rigid materials, 
leading to improvements in the speed of separations 
through the use of higher mobile-phase flow rates, in 

the efficiency through the use of smaller and more 
regular stationary phase particles and in the resolution 

through the use of special separation mechanisms, 
such as affinity and hydrophobic interactions. On 
the other hand, the sorption capacity has not improved 

much compared with classical materials. Use is made 
of perfusion chromatography (see above), as well as of 
materials that combine the favourable sorption proper- 

ties of soft gels with the rigidity of composite materi- 
als (‘soft gel in a rigid shell’). 

4.2. Separation systems 

4.2.1. Normal-phase chromatography 
This technique is not common in peptide separa- 

tions but it can be useful in specialized cases. For 
example, peptides produced by the cleavage of mem- 
brane proteins (4 to 50 amino acid residues) are 
amphiphilic and are thus difficult to solubilize in 
common polar and non-polar solvents. They undergo 
self-aggregation and are strongly adsorbed in chro- 
matographic columns, due to their a-helix structure in 
which the hydrophilic domain is located inside and the 
hydrophobic domain is on outside when it can interact 

Z-D-AlaSly- 
D-Phe-OMe 

8 
9 
% 
9 

ZL-Ala-Gly- 
L-Phe-OMe 

! 

IO 

Tfme [mln] 

Fig. 1. A separation of a 100 pg sample of a mixture of Z-L-Ala- 

Gly-L-Phe-OMe and Z-o-Ala-Gly-DPhe-OMe on a chiral station- 

ary phase imprinted with Z-L-Ala-Gly-L-Phe-OMe [71]. A 

250x4.6 mm column; mobile phase composed of solvents A 

(chloroform+acetic acid, 9 : 1) and B (chloroform+acetic acid, 

99 : 1). with a gradient of A in B (0 to 7 min: 0% A, 7 to 9 min: 0 to 

100% A; 9 to 17 min: 100% A, 12 to 17 min: 100 to 0% A); flow 

rate, 1 ml min-‘. 

with the membrane lipid bilayer. RPC yields very poor 
separation in this case, but normal phase chromato- 
graphy with an aminopropyl-modified silica stationary 
phase and a mobile phase of chloroform/methanol/ 
isopropylamine has been used successfully [74]. 

4.2.2. Reversed-phase chromatography 
This technique is most widely used in separations of 

peptides and proteins for the reasons discussed in 
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Section 4.2.1, where general information on the sta- 

tionary phases is also given. Selected examples of 
separation systems are given below. 

Most RPC separations of peptides are carried out 

with various silica-based, alkyl bonded phases permit- 
ting the detection of a difference in a single amino acid 

residue in chromatograms. The effects of changes in 
the immobilized alkyl chains have been discussed 
(e.g., [75]); it has been concluded that alkyls that 
are not longer than butyl are preferable for large 

peptide and protein separations, as it is possible to 
use mobile phases with higher water contents that do 

not cause pronounced denaturing of the solutes. In 
polar mobile phases the alkyl chains interact among 
themselves rather than with the mobile phase and 

collapse onto the support surface; the degree of dena- 
turation is greater in the presence of long, freely 
moving alkyl chains. It follows from a study of the 

position of the alkyl chains with respect to the support 
surface and their mobility [76] that butyl chains lie 
almost perpendicular to the support surface at high 
ligand densities, whereas at a low ligand density they 
are strongly tilted or almost parallel to the surface. 

The subject of hydrolytic instability of silica phases 

and the activity of residual silanols, as well as the ways 
taken to overcome them, have already been discussed; 
however, it should be pointed out that acetonitrile in 
mobile phases has a beneficial effect on the life-time 
of silica phases. To speed up separations of peptides 

and proteins, the Supelco company offers a wide-pore 
(300 A) reversed phase SUPELCISIL, designed for 
peptide digests of human haemoglobin (an acetonitrile 
gradient in 0.1% aqueous trifluoroacetic acid) [77]; a 
mixture of peptides and proteins was separated in 90 s 
using this type of phase [78]. Fluorinated bonded 

stationary phases have been recommended for micel- 
lar RPC of small peptides [79], yielding a higher 
efficiency compared with alkyl-bonded phases, prob- 
ably due to faster mass transport; the surfactant is 
adsorbed less and the efficiency is thus improved. 

Because of the great diversity of peptide structures, 

no general system has been developed for their RPC 
separation. Peptides are generally best separated in 
acidic media. However, acidic and/or hydrophobic 
peptides are often difficult to dissolve and if they 
can be dissolved, they aggregate at pH values below 
4; it is thus necessary to separate them at a pH of about 
7. Most mobile phases contain an aqueous buffer and 

acetonitrile as the organic modifier, as the latter has a 

low UV absorbance and low viscosity and exhibits 
high elution strength and good selectivity. Isopropanol 
has similar favourable properties, but its viscosity is 
higher and thus the separation efficiency is poorer than 
that attained with acetonitrile. 

A great proportion of the mobile phases used con- 
tain low concentration of trifluoroacetic acid (TFA) 
(0.1 to 0.2%) at a pH of about 2 [SO] which acts as an 
ion-pairing agent and thus increases the retention, 

enhances the solubility of peptides and reduces elec- 
trostatic interactions with residual silanols; this sub- 

stance does not absorb in the UV range used for the 
detection and is readily removed in preparative appli- 
cations. Because of these favourable properties it is 

widely used not only in RPC but also in SEC. On the 
other hand, the drawbacks of this approach involve 
poor column stability, stationary phase bleeding, poor 

peak shape and low recoveries. Another approach is to 
add trimethyl ammonium phosphate [81]. Phosphoric 
acid facilitates the peptide elution at low acetonitrile 
concentrations and acts as a hydrophobic counter-ion 
to the free silanol groups on the silica support, thus 
suppressing peptide interactions with the silica. 

Ammonium acetate is used in separations of acidic 
peptides, whereas separations of strongly basic, 
hydrophilic peptides, rich in arginine, histidine and 

lysine, can be improved by adding heptafluorobutyric 
acid (0.05 to 0.1%) as an ion-pairing reagent. ,& 
Mercaptoethanol is often added to maintain a reducing 
atmosphere protecting methionine from oxidation. 

Small non-derivatized peptides can best be sepa- 
rated on a C-18 phase with a purely aqueous mobile 
phase of 0.025 M potassium dihydrogen phosphate 
buffer containing 0.1% TFA; amperometric detection 

at a copper electrode can be used [82]. Micellar mobile 
phases are also useful, especially in separations of 
small peptides (up to ca. 16 amino acid residues) [ 831. 
The intensity of interaction with sodium dodecyl 
sulfate (SDS) micelles increases with increasing chain 
length of the peptide and with its increasing positive 
charge and is also affected by the amino acid 
sequence; on the other hand, partially hydrophobic 
peptides exhibit weak interactions with micelles. 

To improve the resolution, peptide separations are 
often carried out at elevated temperatures when the 
sorption/desorption equilibria stabilize more rapidly 
[84,85]. However, it is sometimes useful to decrease 
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Fig. 2. A separation of the cis and tram conformers of Leu-Pro by 

RPC at a temperature of 0°C (861. A 105x4.6 mm column packed 

with 2 pm pellicular silica-based C,s phase; mobile phase, a 

25 mM aqueous phosphate buffer, pH 6.0; flow rate, 0.4 ml min-‘. 

the temperature by immersing the column in an ice 
bath, in order to separate peptide conformers, as the 
establishment of the conformational equilibrium is 
retarded. For example, peptides with one or more 
rotationally hindered peptide bonds caused by the 
presence of proline and/or another N-substituted 

amino acid residue in the solute molecule can be 
separated in this way [86] (Fig. 2), as can cis- and 
trans-peptide bond conformers of a cholecystokinin- 
related pentapeptide at -17°C [87]. 

When surveying peptide RPC separations it 
becomes clear that the composition of the mobile 
phase affects the separation more than the kind of 
bonded stationary phase; this could be expected from 
the general character of RPC. This has been demon- 

strated, e.g., in Ref. [81] on the separation of insulins 

using two different mobile phases and three stationary 
phases (C-4, C-18 and phenyl); similar conclusions 
have been drawn for the separation of P-casomorphin 
peptides on C-8, C-18, C-30 and quaternary amino 

bonded phases [88]. 
Fast peptide separations have been attained using a 

stationary phase based on high-purity, non-porous, 
monodisperse silica beads (1.5 pm), chemically mod- 
ified with a short, branched-chain alkyl silane [89]. 
The material is rigid, sterically hindered and exhibits a 

long lifetime under harsh conditions (70°C pH 1.9). 
When using short columns at elevated temperatures, 
the efficiency is improved, the detection limit is 

lowered and the time of analysis is short; the separa- 
tion of tryptic fragments of bovine cytochrome c on 
this stationary phase is depicted in Fig. 3. 

An example of the use of the polymer-based 
reversed phase HEMA Bio 1000 C-18 is the identi- 
fication, quantitation and preparation of the strongly 

basic polypeptide melittin and phospholipase A2 from 
bee venom [90]. Melittin is irreversibly adsorbed on 
silica-based phases; the high efficiency and good peak 
shapes obtained with the HEMA phase are demon- 
strated in Fig. 4 for a gradient elution with a water- 

acetonitrile-TFA mobile phase. 
An RPC stationary phase based on microspherical 

carbon has been recommended for the separation of 
peptides that are not retained on C-18 columns [91]. 

This material is non-polar, inexpensive and easy to 
clean by washing with alkaline solvents to remove 
adsorbed peptides. It has been tested on 133 peptides 

with an acetonitrile gradient of 10 to 70% in 0.1% 
aqueous TFA. The capacity factors depend on the 
peptide hydrophobicity, similar to silica-based sor- 

bents, however, aromatic peptides are more strongly 
retained due to strong interaction with the graphite 
structure of the sorbent. The material is stable up to a 
temperature of 160°C where silica-based materials 

are degraded. Analogously, a porous graphitized car- 
bon column and a mobile phase containing acetonitrile 
and TFA have been used for the separation of oligo- 
saccharides, alditols and glycopeptides with MS 
detection [92]. This technique is complementary to 
RPC, with the advantage that peptides, glycopeptides, 
reducing oligosaccharides, silylated oligosaccharides 
and oligosaccharide alditols can be chromatographed 
under the same conditions. 
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Fig. 3. A rapid separation of tryptic fragments of bovine cytochrome c [89]. A 33 x4.6 mm Kovasil-H column; mobile phase, A: 0.2 M sodium 

perchlorate+O.l% TFA, B: acetonitrile/0.2 M sodium perchlorate (70/30)+0.1% TFA, gradient: 6% B to 12% B in 0.01 mitt, 12% B to 15% B 

in 0.79 min, 15% B to 25% B in 0.01 min, 25% B for 0.49 min, 25% B to 35% B in 0.01 min. 35% B for 1.99 min, 35% B to 100% B in 

0.70 mm; flow rate, 1.2 ml min-‘.; temperature, 70°C; sample volume, 10 ~1; UV photometric detection at 215 nm. 
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Fig. 4. A separation of the bee venom components by RPC on a 

HEMA column [90]. A 150x3.3mm HEMA Bio 1000 C-18 

(lOurn) column; eluent A: 0.22% TFA in water, eluent B: 0.2% 

TFA in acetonitrile, gradient from 0 to 50% B in 20 min, from 50 to 

100% B in 5 min; W photometric detection at 215 nm; a 10 u1 

sample. 

Analysis of complex peptides from tryptic digest 
(peptide mapping) constitutes one step in the compli- 
cated elucidation of the protein primary structure. This 
task usually requires combinations of several separa- 
tion techniques. For example, the tryptic digest of 
recombinant human extracellular superoxide dismu- 
tase was separated by SEC and the collected fractions 
were further separated by RPC; a CE separation was 
carried out in parallel [42] (Fig. 5). Mass spectro- 
metric detection is often employed as a powerful 
identification technique. The use of microbore and 
capillary columns is advantageous [93-951. 

IO 15 
-m 

i 

Fig. 5. Peptide mapping of recombinant human extracellular 

superoxide dismutase (EC-SOD) using a combination RPC, SEC 

and CE [42]. (a) RPC; a 250x2.0 mm Ultrasphere Cl8 column; 

gradient of acetonitrile in 0.1% aqueous TFA, 0 to 24% from 5 to 

30 min and 24 to 36% from 30 to 60 min; the column was then 

washed with a steep acetonitrile gradient to 60% ACN followed by 

10 mm washing at this concentration before reequilibration to the 

initial conditions; flow rate, 0.25 ml mm’, a 230 pg sample. (b) 

SEC of a 400 ug sample of EC-SOD; a 200x9.4 mm polyhydrox- 
yethyl aspartamide column; mobile phase, 0.2 M sodium sulfa- 

te+5 mM potassium phosphate, pH 3.0, containing 30% 

acetonitrile; flow rate, 1 ml min-‘; temperature, 22°C. (c) CE; a 

50 cmx 100 urn fused silica capillary, 10 s pressure injection of 

samples diluted in 10 mM phosphoric acid, pH 2.5; 20 kV, 

separating buffer, 0.1 M phosphoric acid, pH 2.5. 
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Newly synthesized Dalargin analogues, nonapep- 
tides from intrachinary regions A6- 14 of insulin, IGF I 
and IGF II, have been separated both by RPC and CE; 
CE is preferable for peptides available in extremely 
small quantities [96]. For preparative chromatography, 

see the reviews by Boschetti [72] and Narayanan [73] 
(Section 4.1). Micropreparative HPLC of peptides and 
proteins has also been reviewed [97]. Micropacked 

columns are used to obtain small peak elution volumes 
(less than 100 pl) and thus to increase the peptide 

concentration for subsequent micromanipulations. An 
advantage of microcolumns lies in the use of low 

mobile phase flow rates (around 1 pl min-‘), permit- 
ting direct coupling with an MS detector. Multidimen- 
sional column systems (SEC, IEC, RPC) are employed 
with compatible mobile phases. Cumulative recov- 
eries of 89% have been obtained with a sample load of 

500 pg of protein standards. 

4.2.3. Chiral separations 
Resolution of peptide stereoisomers and amino acid 

enantiomers is necessary for the process and purity 
control of, e.g., foodstuffs and pharmaceuticals. Three 

approaches can be employed to solve this task: 

separations on chiral columns [98]; 
separations on achiral stationary phases with 
mobile phases containing chiral selectors [98,99]; 
precolumn derivatization with chiral agents (e.g., 
enantiomers of P-methyl amino acid-containing 
peptides can be separated after derivatization with 
1-fluoro-2,4-dinitrophenyl-5-L-alanine amide and 
2,3,4,6-tetra-O-acetyl-P-D-glucopyranosyl isothio- 

cyanate [loo]). 

Cyclodextrins are most often used for the prepara- 

tion of chiral columns and as chiral selectors in mobile 
phases. The chiral resolution is high when a hydro- 
phobic amino acid (Phe) bears the chiral centre and is 
capable of forming an inclusion complex with the 
hydrophobic interior of the cyclodextrin; the differ- 
ences in the hydrogen bonds of the L- and D- isomers 
with the cyclodextrin cavity then form the basis for the 
separation, but adsorption effects also play a role. 

Macrocyclic antibiotics have also been used as 
chiral selectors (for a review see Ref. [loll). Chemi- 
cally bonded antibiotics, e.g., vancomycin, ristocetin 
A, rifamycin [102] and teicoplanin [103], can be used 
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I 
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Fig. 6. A separation of dipeptide and tripeptide enantiomers [103]. 

A 250x4.6 mm column packed with the Chiiobiotic T phase with 

teicoplanin bonded to 5 pm silica particles; mobile phase, 

ethanol+water, 60 : 40; flow rate, 1 ml min-‘; UV photometric 

detection at 215 nm; the time is given in minutes. 

as efficient stationary phases for enantioseparations of 
amino acids and peptides. Simple mobile phases, 
usually aqueous ethanol, are used. o-amino acids 
are retained more strongly. Most di- and tripeptides 
contain two or more chiral centres; the selectivity can 
then be evaluated only if the pure enantiomers can be 
identified (Fig. 6). 

The methods of immobilization of bovine serum 
albumin on silica and the effect of the organic modifier 
on the chiral recognition of derivatized amino acids 
have been studied [ 1041. Native p- and y-cyclodex- 
trins have been used as chiral stationary phases for 
separations of derivatized amino acids and peptides 
(9-fluorenyl methyl chloroformate and its analogue) 
[ 1051; the number and positions of the glycyl moieties 
in glycyl-containing peptides affect the retention and 
the enantioselectivity. 

Peptides as chiral selectors have been reviewed 
[ 1061. Synthetic peptides have been used in both 
normal- and reversed-phase chromatography. For 
example,dipeptides have been separated in the RPC 
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mode on an L-Val-L-Ala-L-Pro bonded phase with 
water or an aqueous buffer as the mobile phase 

[ 107,108]. The dipeptides elute in the order of increas- 
ing hydrophobicity of their hydrocarbon side-chains 
and the capacity factors increase with increasing pH. 

4.2.4. Size-exclusion chromatography 
SEC is advantageous as the first step in the separa- 

tion of complex mixtures of a whole range of peptides, 
provided that the mobile phases used are compatible 
with biologically active compounds. As pointed out 
above, the SEC columns are prepared so that non- 
specific interactions are minimized, however, most 

columns are still weakly anionic and slightly hydro- 
phobic and thus deviations from ideal SEC behaviour 
are encountered. A series of synthetic peptides has 
been recommended for the monitoring of ideal and 

non-ideal behaviour of SEC columns [ 171. The pro- 
posed five peptides form a series with repeating ten- 
residue units (800 to 4000 Da) and with increasing 
basicity (1 to 5 positively charged residues) (Table 2) 
and can be used for column calibration and for mon- 
itoring of ionic and hydrophobic interactions. A well 
calibrated column permits the determination of solute 
molecular masses with a precision close to that of 
absolute methods [109]. The peptides remain in a 

random coil configuration in both denaturing and 
non-denaturing mobile phases. Electrostatic effects 
can be suppressed by adding salts (200 mM KCl), 
but salt concentrations higher than 0.6 M should be 

avoided in SEC. 
The character of peptides varies and thus various pH 

values are required for their SEC separations, as the 
pH affects the net charge on the peptide and any non- 
specific interactions between the solute and the sor- 
bent [81]. The addition of an organic modifier (acet- 
onitrile) decreases non-specific hydrophobic 
interactions of peptides with SEC stationary phases 
and increases the peptide solubility. A low pH is 

recommended for peptide SEC separations, except 
for strongly acidic peptides that are insoluble at low 
pH values. Increased buffer concentrations decrease 
the retention times because the peptides then appear 
larger due to ion pairing and solvation effects. Hydro- 
phobic peptides, e.g., those containing non-polar side 
chains or aromatic systems, are strongly retained 
through hydrophobic interactions. Work at an elevated 
temperature (50°C) is advantageous, as the linearity of 

the retention time vs. log molecular weight is then 

extended over a wider molecular weight range. 
Polyvinyl pyrrolidone-coated silica packings have 

been used in the SEC of polypeptides [ 1 lo]. These 
substances are synthesized by the interaction of the 

copolymer of vinyl methyl diethyl oxysiloxane and 
vinyl pyrrolidone with LiChrosorb Si 300 and 500 

silicas. The coatings retain the wide-pore structure, are 
primarily hydrophilic but also exhibit some ion- 

exchange properties which can, however, be sup- 
pressed by the addition of a salt; the optimum salt 
concentration is 0.2 M. Higher salt contents cause a 
hydrophobic interaction mechanism to prevail and 

polypeptides and proteins are eluted with a decreasing 
salt gradient. 

Polyhydroxyethyl aspartamide combined with a 
mobile phase of 0.2 M sodium sulfate, 5 mM potas- 
sium phosphate (pH 3) plus 25% acetonitrile has 

further been recommended for the SEC of peptides 

[421. 
Spheric sili?a particles of various pore sizes, 145, 

290 and 500 A (Biosep-SEC-S-2000, S-3000 and S- 
4000, respectively) were coated with hydrophilic film 
and used for the SEC of peptides and proteins with 
very good recovery and excellent stability [ Ill]. 

4.2.5. Ion-exchange chromatography 
IEC belongs among the oldest methods of peptide 

separation. This technique is complementary to RPC 
for characterization of peptides because most peptides 
exhibit net charges located either on a functional 
residue or on the N- or C-terminus. At pH values 

equal to or lower than 3, the peptide carboxyls are 
protonated and the IEC separation primarily depends 
on the number of basic residues (including the N- 
terminus); hydrophobic interactions should be mini- 
mized. Therefore, both cation and anion exchange can 
be used, but the former predominates because most 
peptides are basic. Silica-based materials are unsui- 

table for anion-exchange chromatography of peptides, 
as the pH values required for deprotonation lead to 
degradation of silica. 

IEC is especially important in separations of 
strongly basic peptides, as RPC often fails to separate 
these substances due to the low hydrophobicitylhydro- 
philicity ratio of the peptide molecules. Further advan- 
tages of IEC include mild separation conditions that 
maintain the biological activity of peptides, a high 
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loading capacity and the possibility of preconcentrat- 
ing the sample by trapping the peptides at the column 
head [ 1121. A salt gradient is usually employed, from 
pure buffer to a buffer and salt mixture. The retention 

depends on the kinds and concentrations of the buffer 
and displacing salt and the pH whose variation is, of 
course, limited by the pH-dependent solubility and/or 
stability of the peptides. Hydrophobic interactions 

complicate IEC separations and can be suppressed 
by adding an organic modifier, preferably acetonitrile. 

In some separations, ion-exchange and hydrophobic 
interactions can be combined to attain good peptide 

separations. Small cationic peptides from a tryptic 
digest of K-casein have been separated [ 1131 using the 
highly hydrophobic cation exchanger S-Hyper D con- 
sisting of a solid, porous mineral oxide core coated 
with a thin layer of polystyrene and a soft three- 
dimensional cross-linked hydrogel located within 

the pores of the rigid structure and modified with 
sulphonated active groups. A gradient of sodium 
chloride in sodium acetate was used for elution at 
pH 4. 

Similar ion-exchange/hydrophobic separations can 
be carried out with the purely polymeric HEMA 

sorbents described above. The HEMA Bio 1000 CM 
weak cation exchanger (the carboxymethyl active 
group) and the HEMA Bio 1000 SB strong cation 
exchanger (the sulfobutyl group) have been used in 
separations of amino acids and small peptides with a 
purely aqueous mobile phase of 0.002 M potassium 
dihydrogen phosphate of pH 5.5 [ 114,115]. The reten- 
tion of dipeptides decreases with increasing mobile 
phase ionic strength in accordance with the ion- 

exchange mechanism, but the hydrophobicity of aro- 
matic amino acids present in some of the peptides also 
plays a role. The peptides formed by enzymatic 
degradation of oxytocin have been separated on the 
HEMA Bio 1000 SB strong cation exchanger [ 1161. 
Methanol added to the aqueous mobile phase 

improves the solubility of larger peptides. 
A new hydrophilic polystyrene-divinyl benzene 

strong cation exchanger (sulfonic acid groups) has 
been prepared for rapid analyses of large peptides and 
proteins [117], as have modified cellulose acetate 
membranes containing various ion-exchange groups 
[ 1181; the latter can only be used at low pressures (up 
to 7 bar). A small-particle (3 pm), non-porous poly- 
meric stationary phase with a polyethylene imine 

surface phase has been used for anion-exchange 
separations of large peptides and proteins at high 
pH values [119]; experimental times are very short 
(less than 60 s). A strong cation exchanger, polysul- 
foethyl aspartamide, exhibits very good selectivity for 

peptides, and the peptide retention increases with 
increasing positive charge on the peptides 
[120,121]. More than 60 peptides ranging from 5 to 
20 amino acid residues have thus been separated in a 

narrow-bore column using a gradient of sodium chlor- 
ide in a phosphate mobile phase of pH 3.0 containing 

acetonitrile [ 1201. 

4.2.6. Hydrophobic interaction chromatography 
HIC has been known for many years and practised 

with the use of soft hydrophilic gels which have 

usually been chemically modified to increase the 
hydrophobic interaction with polypeptides and pro- 

teins. Recently, rigid HIC stationary phases have been 
developed, based on silica modified with ether or alkyl 
ligands. The main advantage of HIC separations over 
RPC lies in the fact that mild hydrophobicity of the 
stationary phase and high ionic strength of the mobile 

phase help to maintain polypeptides and proteins in 
their native state - for a comparison of RPC and HIC 
conditions see Table 3 [24]. 

An example of the use of HIC with a stationary 
phase of silica modified with polyethylene glycol can 
be found in Ref. [ 1221. 

Table 3 

Comparison of RPLC and HIC [24] 

Parameter 

Stationary phase 
Interaction 

Ligand type 

Ligand density 

Hydrophobicity 

RPLC 

Dispersion 

C8-Cl8 

High 

Strong 

HIC 

Dispersion 

C2-C4, phenyl, C& 

Low 

Moderate 

Mobile phase 

Type Aqueous-organic Solutions of salts 

MeOH, ACN 

Operation Gradient Reversed gradient 

Protein: 

Structure on st.ph. Unfolded Native (folded) 
Dominant feature Overall Surface 

hydrophob. hydrophob. 

primary sequence 

Loss of biol.act. Considerable Small 
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4.2.7. AfJinity chromatography 
In contrast to all the techniques discussed above 

which are based on relatively simple physico-chemi- 
cal interactions between the solutes and the stationary 
and mobile phases, high-performance affinity chro- 

matography (HPAC) depends on highly specific bio- 
logical interactions in which the primary physico- 
chemical properties are combined into very complex, 

finely tuned effects of molecule recognition. The main 
advantages of HPAC are very high selectivity and mild 
separation conditions from the point of view of solute 
denaturation. 

Peptides are often used as stationary phase ligands 

[ 123,124]. Difficulties may then arise caused by poor 
accessibility for solute binding because of the small 
size of peptide molecules, This is solved either by 

attaching spacers to the small peptide (e.g., the Nu-Gel 
H-AF support has a spacer of 12 A attached to a silica 
support), or a protein is used as the ligand. 

Conventional HPAC has limited application and is 

restricted to those peptides or proteins that are capable 
of specific binding to the immobilized affinity coun- 
terpart. This complications can be alleviated by intro- 

ducing a specific binding property into the peptide or 
protein of interest through genetic fusing of an affinity 
tail in to its N- or C-terminus (see, e.g. [ 12.51). Such an 
affinity tail introduces unique binding properties to the 
target peptide and yields affinity columns with high 
recoveries. For example, the Ca(II)-dependent protein 
calmodulin can be used as the affinity tail that binds to 
many peptides [125]; Ca(I1) is then removed by 

complexation with EDTA. 
Irregular silica or glass beads are mostly used as 

supports. They are commercially available and con- 
tain various side chains necessary for immobilization 
of peptides or proteins (e.g., epoxy or thiol groups). 
These materials are usually prepacked in columns and 
the appropriate immobilization can be carried out in 
situ. Glass beads with controlled porosity, coated with 
a hydrophobic, non-ionic carboxylate film to decrease 
non-specific interactions, can also be used. An exam- 
ple of immobilization of the glycopeptide N-glycosi- 
dase F on various polymeric and silica supports can be 
found in Ref. [126]. 

Immobilized metal-ion affinity chromatography 
(IMAC) can be used for purification of synthetic 
peptides, with supports containing immobilized Cu(I1) 
or Ni(I1) [ 127,128]. The interaction of these metal ions 

with unprotonated o-amino groups of peptides (pro- 
vided that all the other unreacted amino groups are 

blocked by acetylation and strongly interacting amino 
acids, e.g. Hys, Trp and Cys, are absent) is sufficiently 
selective to permit purification in a single step. The 

interaction depends on the pH and attains a maximum 
at pH 7.5 for Cu(I1) and 8.5 for Ni(I1). At a lower pH, 
the a-amino group is protonated and, at high pH 

values, the metal ions are transferred to the peptides. 
The Ni(I1) sorbent exhibits higher selectivity and 
affinity than the Cu(I1) sorbent. The retention beha- 
viour of peptides on a silica phase with immobilized 
poly(vinylimidazole)-Cu(I1) has been studied [129]. 
Peptides containing one histidine residue and some- 
times one tryptophan residue are strongly retained and 

can be eluted only by the addition of a complexing 
agent to the mobile phase. O-phosphoserine immobi- 
lized on epoxy-activated Sepharose CL4B has also 
been proposed as a chelating ligand, in combination 
with A13+, Fe3+, Ca2+, Yb3+ and Cu2+ [130] for 

IMAC. 
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